. This incredibly complex microbial community is regulated by environmental, dietary and host genetic factors 3, 4 . In recent years there has been an expansion of research aimed at defining the influence of the intestinal microbiota on homeostatic and disease states in mammalian hosts. A wealth of evidence indicates that intestinal microorganisms exist in a complex symbiotic relationship that benefits their human host. For example, intestinal microorganisms degrade dietary substances that would otherwise be indigestible, which yields end products that act as energy sources for cellular metabolism, modulators of immune responses and regulators of gut motility 5, 6 . Intestinal microorganisms also have a crucial role in immune development and functionality, as highlighted by the inability of germ-free mice (BOX 1) to develop mature lymphoid structures within the gastro intestinal tract and their severely compromised ability to mount immune responses, which includes are now recognized as the leading cause of severe childhood diarrhoea in developed countries 14, 15 and they are also considered the most common cause of foodborne disease 16 . Noroviruses can infect all age groups and are associated with approximately 18% of the total acute cases of gastroenteritis worldwide 17 . Astroviruses have been reported to account for approximately 2-9% of paediatric cases of gastroenteritis worldwide, although this is undoubtedly a substantial underestimate considering the recent discovery of numerous novel astroviruses that are quite divergent from the previously recognized classic human astroviruses 18 . There are also enteric viruses that replicate in the intestinal tract but are generally asymptomatic (for example, reovirus), and those that can cause severe disease after dissemination to peripheral tissues (for example, poliovirus). Certain retroviruses, including mouse mammary tumour virus (MMTV), can be transmitted orally through milk from an infected mother to her pups in which they infect the gastrointestinal tract 19 , and are therefore also considered enteric in nature.
Because all enteric viruses encounter the dense population of microorganisms residing in the gut lumen, it is likely that there are substantial interactions between commensal bacteria and enteric viruses that could have beneficial or inhibitory outcomes for viral infections at this site. Indeed, several studies have now revealed that the intestinal microbiota has significant and varied roles in enhancing infection with enteric viruses. In this Progress article, I will briefly describe the fundamental observations supporting the bacterial promotion of infection with enteric viruses and subsequently describe in detail the mechanisms underlying these observations. Finally, I discuss how this information could lead to novel treatment and prevention strategies.
The microbiota enhances infection A role for commensal bacteria in influencing enteric viral infections was first demonstrated in a set of landmark studies, published in 2011, that used poliovirus, reovirus and MMTV 20, 21 . By administering a cocktail of oral antibiotics to mice
, the depletion of commensal bacteria was shown to result in substantial attenuation of poliovirus a reduction in the levels of secretory immunoglobulin A (IgA) and intestinal T cells, compared with wild-type mice [7] [8] [9] . Finally, commensal bacteria in the gut can protect the mammalian host from infection by pathogenic microorganisms. For example, bacterial species of the microbiota can induce intestinal epithelial cells to secrete antimicrobial proteins, such as angiogenin and the C-type lectin RegIIIγ 10, 11 . Overall, the intestinal microbiota affects host physiology, shapes the mucosal immune system and provides protection from pathogenic bacteria.
Various viruses, including rotaviruses, noroviruses and astroviruses, infect the gastro intestinal tract and are responsible for an immense disease burden worldwide, causing severe childhood diarrhoea and outbreaks of gastroenteritis. These three virus families are each comprised of non-enveloped RNA viruses that are highly infectious and transmitted through the faecal-oral route. Rotavirus infections are a principal cause of paediatric diarrhoea. They have been recently estimated to cause approximately 200,000 deaths annually in children under 5 years of age worldwide, a reduction from 453,000 deaths in 2008 probably owing to the introduction of effective rotavirus vaccines 12, 13 .
With the large-scale implementation of effective rotavirus vaccines, noroviruses
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Step 1 Gavage mice with a cocktail of antibiotics or saline (once per day for five days).
Step 2 Confirm microbial depletion by plating fresh faeces.
Step 3 Add a cocktail of antibiotics or saline to drinking water (for the duration of the experiment).
Step 4 Orally infect antibiotic-treated and saline-treated mice with an enteric virus.
Faeces Faeces

Antibiotic-treated mouse
Saline-treated mouse
Antibiotics infection compared with infection of microbially colonized mice (mice with a normal microbiota)
, as indicated by reduced mortality and reduced faecal shedding of the virus in the antibiotictreated mice, which reflect a reduction in the level of intestinal virus replication 20 . Reconstitution of intestinal microorganisms into antibiotic-treated mice was sufficient to restore poliovirus pathogenesis. Moreover, intraperitoneal poliovirus infection occurred efficiently irrespective of the status of the intestinal microbiota. These findings highlight the unique role that intestinal bacteria have in promoting poliovirus infection in the gut. Similarly, oral reovirus infection of interferon (IFN)-deficient mice, which are susceptible to Since these initial reports of the microbiota-driven enhancement of infection with enteric viruses, similar observations have been made for infection with rotaviruses and noroviruses. For example, rotavirus-infected antibiotic-treated mice have reduced levels of viral antigen in faeces, reduced levels of viral genomes in intestinal tissue and delayed viral shedding compared with controls 22 . Furthermore, the incidence and duration of diarrhoea caused by rotavirus infection in suckling mice was reduced by antibiotic treatment 22 . Similarly, three independent reports have demonstrated that the microbiota can promote murine norovirus infection. In the first study, antibiotic-treated mice showed a reduction in acute virus titres symptomatic infection, that had been treated with antibiotics failed to cause intestinal pathology, whereas reovirus infection of microbially colonized IFN-deficient mice caused faecal abnormalities and tissue pathology. Consistent with this attenuation of infection, intestinal titres of reovirus were substantially reduced in antibiotic-treated IFN-deficient mice, compared with control animals 20 . In addition, the transmission of MMTV from an infected mother to her pups was prevented by antibiotic treatment of the mother, germ-free mothers that were infected with MMTV failed to transmit the virus to their offspring, and reconstitution of germ-free mothers with a defined gut microbiota fully restored viral transmission 21 .
Box 1 | Experimental approaches to elucidate the role of commensal bacteria during infection with enteric viruses
Two general strategies have been used to assess the effect of the intestinal microbiota on infection with enteric viruses: the infection of germ-free mice, which are naturally devoid of commensal microbiota; and the administration of a cocktail of oral antibiotics to deplete mice of their commensal microbiota before infection with virus. Although mice used in research are typically devoid of many known pathogens and are thus referred to as specific-pathogen free, germ-free mice are raised in sterile isolators and are considered to be free of all microorganisms, including commensal microorganisms that reside in the intestinal lumen. The benefit of the germ-free state is that it facilitates the investigation of the effect of commensal microorganisms on homeostatic and disease states in the host. However, germ-free mice have several abnormalities in intestinal morphology and mucosal immune development that should be considered when using them to address specific research questions.
A common antibiotic-depletion method is to orally gavage mice with a cocktail of broad-spectrum antibiotics, for example, vancomycin, ampicillin, metronidazole and neomycin, once per day for five days (see the figure). After the fifth day of gavage, antibiotics are then added to the drinking water. Efficient microbial depletion is confirmed by plating fresh faecal samples after the fifth day of gavage and examining bacterial growth under anaerobic conditions followed by aerobic conditions. A control group of mice treated with saline, instead of antibiotics, should be included in all steps, which represents microbially colonized mice (also referred to as control mice throughout the article). The major benefits of the antibiotic-depletion strategy are that the mice do not require specialized housing in sterile isolators, such as germ-free mice do, and they develop normal mucosal immune responses. However, although antibiotic depletion can substantially reduce the microbial load in the intestine, it does not remove 100% of the commensal microorganisms, so one must consider the effect of residual antibiotic-resistant microorganisms on experimental outcomes. Therefore, both approaches to study the role of commensal microorganisms on infection with enteric viruses -germ-free mice and antibiotic depletion -have advantages and disadvantages. 
E. cloacae
Infection in the distal ileum, mesenteric lymph nodes and colon compared with control mice, which reflects a decrease in viral replication in vivo following antibiotic treatment 23 . In the second report, germ-free mice showed a reduction in the amount of infectious virus shed in the faeces compared with colonized hosts 24 .
In the third report, a murine norovirus failed to establish persistent infection in antibiotictreated mice, a phenotype that could be fully rescued by faecal transplantation from colonized (but not from antibiotic-treated) mice 25 . As observed with poliovirus, systemic murine norovirus infection was not dependent on the intestinal microbiota 25 .
Collectively, these studies demonstrate that a diverse set of enteric viruses require the intestinal microbiota for efficient infection of the gastrointestinal tract following oral inoculation. The remainder of this Progress article will focus on the mechanisms by which bacteria enhance viral infection.
Direct mechanisms
The intestinal microbiota can directly facilitate enteric virus replication by several mechanisms, including by stabilizing virions, which potentially enhances viral transmissibility, and by promoting virus attachment to host cells. Virion stabilization. The mechanism by which bacteria enhance infection with enteric viruses has been demonstrated for poliovirus. Poliovirus isolated from the intestinal lumen of microbially colonized mice 2 h post-infection, before the production of progeny virions, had higher infectivity than virus isolated from the lumens of antibiotic-treated or germ-free mice, and tissue-culture-derived virus incubated with faeces from microbially colonized mice or with individual bacteria was more viable than virus incubated with faeces from antibiotic-treated or germ-free mice 20 . Importantly, the enhancement of viral infectivity did not require live bacteria 20 . In fact, it was shown that poliovirus directly binds to the bacterial outer-membrane component lipopoly saccharide (LPS), and that LPS and other N-acetylglucosaminecontaining bacterial surface polysaccharides that were longer than six monosaccharides were sufficient for stimulatory activity 20, 26 (FIG. 1a). Virus incubated with bacteria or with bacterial surface polysaccharides showed an increase in thermostability and resistance to inactivation by dilute chlorine bleach, a phenotype that correlated with the delayed release of viral genomes 26 (FIG. 1a) .
Collectively, these data suggest that viral binding to bacterial surface polysaccharides more wild-type virus was retained in the faeces of mice 96 h after shedding. These findings support the notion that interactions with commensal bacteria can promote the transmission of enteric viruses by enhancing their environmental stability.
Promoting virus attachment. In addition to enhancing virion stability, bacterial surface polysaccharides, such as LPS, promote poliovirus attachment to the surface of target cells 26 (FIG. 1b) . This activity involves the direct facilitation of viral binding to the poliovirus receptor (PVR), which is supported by the observations that the pre-treatment of permissive cells with PVR-specific antibody inhibited viral attachment irrespective of the presence of LPS, the incubation of poliovirus with LPS did not promote viral infection of non-PVR expressing cells, and virus incubated with LPS bound more efficiently to purified PVR than virus that had not been incubated with LPS 26 (FIG. 1b) . Several lines of evidence suggest that the stimulatory effects of LPS on poliovirus stability and on cell attachment represent distinct mechanisms. First, the enhancement of viral binding to the poliovirus receptor required 20-fold less LPS than virion stabilization 26 . Second, the VP1 T99K mutant poliovirus (described above) was not impaired in the LPS-mediated enhancement of cell binding despite the fact that it was impaired in the LPS-mediated enhancement of virion stabilization.
Bacteria-mediated enhancement of norovirus infection also functions, at least in part, by stimulating viral attachment to target cells. Specifically, B cells were recently shown to be permissive to human and murine norovirus infections, which represents a major breakthrough in norovirus research considering the long history of human norovirus uncultivability 23 . Infection of human B cells by a human norovirus required a commensal bacterial cofactor, as first identified by a substantial reduction in viral infectivity after filtration of the virus-positive stool inoculum through a 0.2 μm membrane (FIG. 1c) . Supporting the notion that the filterable cofactor was indeed a microorganism, this phenotype could be fully rescued by pre-incubation of the filtered inoculum with a single type of heat-killed bacteria (FIG. 1c) . In contrast to studies of poliovirus, LPS was not capable of rescuing this phenotype. Instead, bacterial expression of an appropriate histo-blood group antigen (HBGA) correlated with the ability of norovirus to infect B cells. Human noroviruses have long been known to require specific HBGA glycans for promotes virion stability and prevents premature conformational changes that result in genome extrusion into target cells on receptor binding. Importantly, viral genome uncoating is an event required for the successful infection of target cells; therefore, there must be a fine-tuned balance between enhanced virion stability and the ability to undergo the conformational changes that are required for uncoating.
A specific residue in a surface-exposed loop of the poliovirus VP1 capsid protein (a threonine at position 99) was shown to be crucial for bacterial polysaccharide-mediated stabilization of the virion 26 , as the introduction of a lysine at this position (creating the T99K mutant) rendered poliovirus insensitive to LPS-mediated stabilization at temperatures below 40 °C. However, this T99K mutant virus was stabilized by LPS at temperatures above 40 °C, and the deletion of residue 99 did not alter LPS stabilization compared with wild-type virus. Based on these results, the authors of this study suggested that residue 99 influences LPS binding at physiological temperatures although it is not directly involved in binding. Highlighting the physiological relevance of the LPS-mediated stabilization of virions, when mice were co-infected in a 1:1 ratio with wild-type and T99K mutant polioviruses, substantially
Box 2 | How do commensal bacteria stimulate viral attachment to host cells?
A thick mucus layer and other host defence strategies maintain a physical separation between the epithelium and most commensal microorganisms 10, 52 . Therefore, it is unclear how bacterial glycans directly facilitate viral binding to the surface of target cells in the intestinal tract 23, 26 . There are several possible explanations that will be important to examine experimentally in future studies. First, the interactions between enteric viruses and bacteria that interact directly with enterocytes, for example, segmented filamentous bacteria 53, 54 , could preferentially stimulate viral infections. Second, viruses bound to bacterial surface glycans that are not physically associated with intact bacteria could preferentially enhance viral infections. For example, histo-blood group antigens (HBGAs) that are expressed by commensal bacteria were demonstrated to primarily localize to the extracellular polymeric substance 28 , which suggests that they may be secreted into the gut lumen. Enteric viruses could also bind to bacterial glycans contained in the secreted outer membrane vesicles (OMVs) of commensal microorganisms. Consistent with this idea, OMVs express bacterial glycans, such as lipopolysaccharide (LPS), and they can interact directly with enterocytes 55, 56 . Third, virus-bacteria-host cell interactions may occur preferentially at sites of reduced host defences, specifically targeting microfold cells (M cells) overlying gut-associated lymphoid tissue, including Peyer's patches. Because M cells are specialized in sampling luminal contents, they do not secrete mucus or contain microvilli on their apical surface 57 . In fact, many enteric pathogens, including poliovirus, reovirus, MMTV and norovirus, have evolved to exploit this host vulnerability [58] [59] [60] [61] [62] . An additional complexity pertaining to norovirus infection is the established tropism of the virus for immune cells that underlie the intestinal epithelium 23, 47 , which led to the inference that norovirus-bacteria complexes transit across the non-permissive epithelium where bacterial HBGA can stimulate the viral infection of underlying immune cells. Indeed, noroviruses can be internalized by enterocytes in the absence of apparent viral replication [63] [64] [65] . Moreover, norovirus applied into the apical supernatant of confluent epithelial cells can be released into the basal chamber and target immune cells 23, 59 . As observed in direct B cells infections, B cell infection in this co-culture system also required a bacterial cofactor 23, 29 , although it has not been elucidated whether the entire bacterium or only its stimulatory glycan co-transcytoses across the epithelial barrier. It should be noted that OMVs can directly interact with intestinal immune cells; therefore, it will be interesting to determine whether HBGAs localize to OMVs 55 . Nature Reviews | Microbiology 27 and recent work has identified that commensal bacteria expressing these glycans are competent for binding to human norovirus particles in a virus-strain-specific manner 28 . Additional studies identified that Enterobacter cloacae that express the H-type HBGA could enhance human norovirus infection of B cells, whereas an H-type-negative Escherichia coli strain could not 23, 29 . Furthermore, pre-incubation of filtered human norovirus inoculum with the H-type HBGA alone was sufficient to stimulate viral attachment to the surface of B cells. The host receptor, or receptors, used by human noroviruses has not been defined so it remains unknown as to whether bacterial HBGA stimulates viral attachment to a host receptor. However, these data are entirely consistent with a mechanism similar to the LPS-mediated stimulation of poliovirus attachment to its host receptor.
In summary, enteric viruses can interact with bacterial surface glycans, which results in enhanced virion stability and enhanced binding to the surface of target host cells. Therefore, it may be possible to develop novel antiviral strategies that target these virus-bacteria interactions. Considering the physical separation between most commensal microorganisms and intestinal epithelial cells, an intriguing question remains as to how a virus-bacterium complex comes into contact with target cells such that a bacterial glycan can stimulate viral infection
.
Indirect mechanisms
The intestinal microbiota can indirectly enhance infection with enteric viruses by skewing the antiviral immune response. For example, the microbiota can induce a tolerogenic microenvironment that promotes viral evasion of the host immune system, it can suppress the production of antiviral antibodies or it can alter virus-induced IFN signalling.
Inducing a tolerogenic microenvironment.
In the steady-state, intestinal epithelial cells can sense commensal bacteria through several innate immune receptors, which results in their secretion of cytokines that regulate immune responses in the gut, leading to the establishment of a tolerogenic microenvironment 30, 31 . Moreover, regulatory T cells (T reg cells) that are specific to commensal bacterial antigens are highly prevalent in the intestine where they maintain immunological tolerance to the tremendous numbers and different species of non-pathogenic microorganisms that can augment the immunostimulatory nature of LPS 37 . Providing evidence for the immunological tolerance to MMTV antigens recognized in this microenvironment, mice that were exposed to MMTV-laden milk as pups failed to produce detectable antiviral antibodies when immunized with viral antigens as adults, although they were fully competent to produce antibodies to a non-viral antigen 21 . Highlighting the intestinal specificity of this phenomenon, pups that were exposed to MMTV intraperitoneally were not tolerant to MMTV antigens later in life 21 . Therefore, these data suggest that MMTV-microbiota interactions comprise the microbiota. However, the establishment of a tolerogenic microenvironment during the immune recognition of commensal bacteria by intestinal epithelial cells and T reg cells could, in theory, influence antiviral immune responses. For example, once T reg cells are stimulated by their specific antigen, they can suppress other cell types in an antigen-nonspecific manner using both cell contact-dependent (for example, the engagement of co-stimulatory receptors on antigen presenting cells) and contact-independent (for example, the secretion of immuno regulatory cytokines) mechanisms [32] [33] [34] [35] . Therefore, it is possible that the immune recognition of commensal bacteria that are complexed with enteric viruses results in bystander suppression of antiviral immune responses.
Supporting this concept, the establishment of persistent MMTV infection in pups that were exposed to proviruscontaining maternal milk required the LPS receptor Toll-like receptor 4 (TLR4) and the anti-inflammatory cytokine interleukin-10 (IL-10) 36 . Notably, MMTV seems to directly bind to LPS, as virus isolated from pups that ingested MMTV-laden maternal milk was associated with LPS, and virus and LPS co-fractionated in ultracentrifugation density gradients 21 . Furthermore, recent studies have provided mechanistic insight into this virus-LPS interaction, revealing that MMTV incorporates LPS-binding host proteins, such as CD14, MD2 (also known as LY96) and TLR4, into its envelope, and that virions isolated from mice deficient in LPS binding proteins were unable to bind to LPS 37 . Together with the observation that this MMTV-LPS interaction was required for virally induced IL-10 secretion from cultured splenocytes 21 , a model develops whereby MMTV bound to bacterial LPS activates TLR4 signalling and ultimately leads to the secretion of immunoregulatory cytokines, such as IL-10 (FIG. 2) . Previous studies have identified that dendritic cells and macrophages were activated through TLR4 in response to infection with MMTV, whereas B cells were the main source of IL-10 (REF. 36 ). An additional series of in vitro and in vivo experiments further examined the chain of events in which the engagement of TLR4 by LPS drives the production of IL-6, which then induces IL-10 secretion; in this immuno suppressive microenvironment, MMTV is able to establish a persistent infection (FIG. 2) . Intriguingly, LPS bound to MMTV was more potent at inducing the secretion of IL-6 from splenocytes than virus-free LPS, suggesting that viral binding [38] [39] [40] [41] [42] [43] [44] , infection of mice deficient in the production of IL-10 (IL-10 −/− mice) with murine norovirus induces significant intestinal inflammation 45 . Moreover, this phenotype was microbiota-dependent as no inflammation was observed in germ-free IL-10-deficient mice that were infected with a murine norovirus, and colonization of germ-free IL-10-deficient mice with a defined microbiota was sufficient to restore virally induced inflammation 45 . housed mice. Therefore, these data suggest that commensal bacteria suppress the maintenance of an antiviral antibody response. This idea is also supported by an increase in the number of antibody secreting cells in the intestinal lamina propria and Peyer's patches of antibiotic-treated mice compared with control mice 7 weeks, but not 2 weeks, post-infection 22 . Importantly, antibiotic-treated mice that were infected with a murine norovirus had reduced antiviral serum IgG levels 35 days post-infection compared with microbially colonized mice 25 , which contrasts to the rotavirus studies that showed enhanced antiviral immunity under bacteria-depleted conditions. Therefore, it will be important to carry out a kinetic examination of this response as well as to examine the mucosal antibody response that is probably key to providing protection from secondary norovirus challenges.
Suppressing IFN signalling.
To test the hypothesis that the bacteria-mediated enhancement of persistent murine norovirus infection was related to the skewing of the antiviral immune response, various mouse strains that were deficient in specific immune components were treated with antibiotics and subsequently infected with murine norovirus 25 . This strategy identified that type I and type II IFN responses were dispensable for the bacterial regulation of viral persistence, as were the pattern recognition receptors TLR2, TLR4 and melanoma differentiationassociated protein 5 (MDA5; also known as IFIH1), adaptive immune responses and the autophagy pathway. By contrast, mice lacking the IFNλ receptor (also known as the type III IFN receptor), signal transducer and activator of transcription 1 (STAT1; which is a key signalling molecule upon the engagement of IFNλ with its cognate receptor) or interferon-regulatory factor 3 (IRF3; which is required for expression of IFNλ), were all persistently infected with a murine norovirus irrespective of the presence of commensal microorganisms. These results support a model whereby commensal bacteria suppress the production of a key antiviral cytokine -IFNλ -upon their interaction with norovirus (FIG. 3) . Moreover, these data are consistent with the recent demonstration of a crucial role for type III IFN responses in preventing persistent murine norovirus infection in the colon 46 . Importantly, this latter study revealed that IFNλ acted on non-haematopoietic cells to prevent the establishment of Future studies will be required to assess the effect of this inflammatory response on the control of acute viral infection and the development of adaptive immune responses to the virus.
Suppressing antibody production. Despite a reduction in rotavirus infectivity in the absence of intestinal microorganisms, the antiviral antibody response was substantially higher in antibiotic-treated mice compared with microbially colonized controls 22 . This was true for faecal IgA, serum IgA and serum IgG levels 9-11 weeks post-infection, although antibody levels prior to 9 weeks post-infection were comparable in the two groups. Consistent with these findings, the serum antiviral antibody response was higher in germ-free mice than in conventionally Although the establishment of murine norovirus persistence requires commensal bacteria in immunocompetent mice, the establishment of persistence occurs in a microbiota-independent manner in mice lacking the type III interferon receptor (IFNλR), known as IFNλR-deficient mice. Together with the observations that IFNλ acts on nonhaematopoietic cells and that the tropism of murine norovirus is specific to immune cells, a model develops whereby norovirus interactions with commensal bacteria normally suppress the production of antiviral IFNλ (part a). In microorganism-depleted mice, IFNλ is produced and activates the IFNλR in enterocytes or in other bystander cells to indirectly inhibit the establishment of norovirus persistence (part b). In mice lacking functional type III IFN signalling pathways, the establishment of persistence does not require interactions with commensal bacterial because the bystander cells are impaired in their ability to respond to IFNλ (part c).
persistent murine norovirus infection, although available evidence indicates that noroviruses have a specific tropism for immune cells 23, [46] [47] [48] [49] . Therefore, IFNλ is likely to inhibit the persistence of norovirus infection through an unknown indirect mechanism. Notably, IFNλ also controls rotavirus infection in mice 50 ; thus, it will be interesting to determine whether this response is similarly regulated by the interactions between the enteric virus and commensal bacteria.
In summary, by interacting with components of the immune system, the intestinal microbiota can modulate antiviral immune responses, which enhance infection by enteric viruses. Therefore, elucidating the mechanistic details that govern these interactions may also inform the design of novel antiviral strategies.
Outlook
Although the influence of commensal bacteria on infection with enteric viruses was largely unexplored until recent years, it is rapidly becoming clear that the intestinal microbiota has a profound effect on the overall outcome of virus infections at this mucosal site. Considering the density and diversity of microorganisms residing in the gut lumen, this is perhaps not surprising. However, it is crucial to understand these interactions to design effective therapeutic and preventive strategies. For all enteric viruses that have been studied thus far in microbially depleted environments, including poliovirus, reovirus, rotavirus, an enteric retrovirus and norovirus, the intestinal microbiota has been demonstrated to have a stimulatory role in viral infection. As the mechanisms for this enhancement begin to be identified, it is clear that enteric viruses have evolved diverse strategies to exploit the microorganisms they encounter in the gut lumen. However, these mechanisms segregate into two general categories: direct facilitation of viral infections, with two subcategories of virion stabilization and the promotion of viral binding to the surface of target cells; and the indirect skewing of the antiviral immune response in a manner that is conducive to viral infection.
Understanding the molecular requirements for virus-bacteria interactions should illuminate novel approaches to combat enteric viruses. For example, based on the bacterial enhancement of poliovirus thermostability and bleach resistance, it may be possible to design strategies to inactivate enteric viruses in environmental reservoirs by targeting their binding to microorganisms.
In summary, understanding how the intestinal microbiota promotes infection with enteric viruses is a very exciting and developing field. I anticipate that additional details into the molecular and immunological mechanisms that govern the interactions between the microbiota and enteric viruses will continue to be uncovered and will deepen our understanding of the complex relationships between the mammalian host and its commensal microorganisms as well as pathogenic invaders.
